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9 Abstract:
10 This paper proposes and demonstrates a novel shock tube driven by commercially available detonation 
11 transmission tubing in a safe, repeatable, and controllable manner for laboratory scale experiments. A 
12 circular cross-sectional open-ended shock tube (inner-diameter D = 22 mm) driven by detonation 
13 transmission tubing was used to investigate the working principle of this novel shock tube using a 
14 dynamic pressure transducer and time-resolved shadowgraph photography. Specifically, the shock 
15 Mach number, repeatability, and flow structure generated from the tube exit were characterized. The 
16 experimental result shows that the flow structure including an initial shock wave, a vortex ring, an 
17 embedded shock, and an oblique shock pattern is similar to that of the conventional compressed-gas 
18 driven shock tubes. Furthermore, the shock tube has good repeatability of less than 2% with a shock 
19 Mach number up to 1.58. The versatile and cost-effective nature of the shock tube driven by detonation 
20 transmission tubing opens a new horizon for shock wave-assisted interdisciplinary applications. 
21
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24 1. Introduction
25 Shock tubes are an exceptional valuable facility that can produce both high pressure and high 
26 temperature jump during a short period [1-3]. A typical shock tube consists of two sections: the driver 
27 and driven sections. A high pressure gas in the driver section is separated by a diaphragm from the 
28 driven section filled in relatively lower pressure gas. Once the diaphragm ruptures, the driver gas 
29 expands into the driven section, thereby propagating a shock wave and an expansion wave to the driven 
30 and driver tubes, respectively. The shock wave produces a high pressure and a high temperature as 
31 well as induced high speed flow. Since the magnitude of these flow features depends on the initial 
32 pressure ratio between the driver and driven sections as well as the specific heat ratio of gas medium, 
33 shock tubes can be used to study aerodynamic flows in a wide range of temperatures and pressures, 
34 which are difficult to obtain in other types of testing facilities [4-16]. Additionally, shock tubes are 
35 applicable to fundamental research in medicine, biology, and industries [17-23]. 
36 The conventional shock tubes are generally large in size and have a high cost of conducting tests 
37 and maintenance because more money should be spent on construction and maintenance of the high 
38 pressure gas system and the diaprhragm. In recent years, there has been substantial progress regarding 
39 shock tubes less expensive and easier to operate. Downey, et al. [24] designed a diaphragmless shock 
40 tube facility using a rapid opening valve which is the same as the function of a bursting diaphragm. 
41 The opening time of the rapid valve was on a timescale of 0.5 ms. Taylor [25] proposed a similar 
42 diaphragmless design concept, employing a shock wave generating mechanism that consists of a 
43 rotating door and a locking cam-shaft system. Furthermore, Janardhanraj and Jagadeesh [26] presented 
44 a novel concept to generate miniature shock waves using an in-situ oxyhydrogen generator. The shock 
45 tube operated in a forward-facing detonation driver mode and there was no need for storage of high 
46 pressure gases. The required amount of oxyhydrogen mixture was generated using alkaline electrolysis 
47 that produced hydrogen and oxygen gases in stoichiometric quantity. Kai et al. [27] demonstrated a 
48 novel method to generate shock waves in small tubes. In their design, a femtosecond laser was applied 
49 to generate an optical breakdown of an aluminium film as target. Due to the rapid appearance of this 
50 non-equilibrium state of the target, a shock wave was induced.
51 The present study proposes and demonstrates a novel concept to design the shock tube using a 
52 commercially available and cost-effective detonation transmission tubing. The detonation transmission 
53 tubing had been applied to generate micro-blast waves or small-scale explosion in previous studies 
54 [12, 28, 29]. Additionally, Ukai et al. [12] used the shock tube driven by a high pressure explosion gas 
55 produced from the detonation transmission tubing for the first time to investigate shock wave distortion 
56 in shock-square vortex loop interaction. However, the working principle of the detonation transmission 
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57 tubing driven shock tube and capabilities of this type of the shock tube have not been investigated yet. 
58 In this study, a circular cross-sectional open-ended shock tube driven by the detonation transmission 
59 tubing was employed. To investigate the flow features and capabilities of the shock tube, the pressure 
60 measurement in the driven tube and the flow visualization were conducted. For the flow visualization 
61 images, an in-house developed software [30] based on MATLAB GUI and digital image processing 
62 techniques was used for the shock wave detection and tracking. 
63 2. Design details
64
65 Fig 1. The shock tube by detonation transmission tubing
66
67
68
Fig 2. The working principle of the shock tube driven by detonation transmission tubing
Figures 1 and 2 present a circular cross-sectional open-ended shock tube driven by the detonation 
69 transmission tubing (inner-diameter D = 22 mm, driven section length Ld = 330 mm) and the working 
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70 principle of the shock tube, respectively. Unlike conventional compressed-gas driven shock tubes, the 
71 proposed shock tube is driven by detonation transmission tubing and there is no need for storage of 
72 high pressure gas for shock wave generation. Detonation transmission tubing, also known as NONEL 
73 tube (Dyno Nobel), is a detonation driver generally used for demolition of buildings and the rock 
74 blasting in mines and quarries. The NONEL tube is an annular small plastic tube (inner diameter: ID 
75 = 1.3 mm, outer diameter: OD = 3 mm) coated on the innermost wall with a reactive explosive 
76 compound. When the reactive explosive compound is ignited the explosive reaction travels at 
77 approximately 2,000 m/s within the tube [29]. The explosive mixture, about 18 mg/m, is predominantly 
78 HMX: High-melting explosive (∼92 % by weight), along with trace of aluminium (∼8% by weight). 
79 The detonation is initiated by an electronic blasting machine (Dyno Nobel, model: DynoStart 2), with 
80 an output voltage of 2500 V. As shown in Fig. 2, when the micro explosives are electrically triggered 
81 from one end of the polymer tube, the rapid expulsion of combustion gases within it causes high 
82 temperature and high pressure, which results in the same features as compressed gases in the 
83 conventional shock tube. The combustion gas compresses the ambient air and eventually leading to 
84 the formation of a hemispherical blast wave in the driven section. When the blast wave impinges on 
85 the wall of the driven section, pressure behind the blast wave becomes gradually uniform. Finally, the 
86 hemispherical shock front of the blast wave transforms to plane shape, except for a small deflection in 
87 the vicinity of the inner wall surface. Alike the compressed-gas driven shock tubes, the shock wave 
88 causes the temperature, pressure and density jumps, and these flow features are separated by a contact 
89 surface of the driver combustion gas.
90 To align the central axis of the flexible NONEL tube with that of the driven tube, the NONEL tube 
91 was inserted into a stainless steel tube holder (ID = 3 mm, OD = 22 mm, length Lh = 140 mm), installing 
92 into the circular cross-sectional driven tube (ID = 22 mm, OD = 25 mm). The NONEL tube was stably 
93 fixed to the tube holder using a screw on the side wall. Two through holes were manufactured at two 
94 sides of the leading edge of the driven section to install the NONEL tube holder. Additionally, two 
95 pairs of blind thread holes were manufactured at the sides of the NONEL tube holder with a 50 mm 
96 interval, which allowed the variation of the driven tube length: namely, Ld = 230 and 330 mm.
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97 3. Experimental setup
98
99
100
Fig 3. Schematic of the experimental setup
To investigate capabilities of the detonation transmission tubing driven open-ended shock tube, 
101 pressure measurement was performed to get the shock Mach number Ms from the overpressure 
102 magnitude in the driven section of the shock tube. Meanwhile, the flow structure from the open end 
103 was visualized using the time-resolved shadowgraph photography with a typical Z-type optical 
104 arrangement. A schematic diagram of the experimental setup is shown in Fig. 3. A pressure transducer 
105 (Kulite Semiconductor Products, Inc., model: XTE-190M, natural frequency: 175 kHz) was placed at 
106 50 mm from the open end to measure the pressure history in the driven section. The pressure signal 
107 was recorded using a NI-9223 module (National Instruments Corp., 1 MS/s, 16 bit, 4 channels) with a 
108 NI-9178 compact data acquisition system driven by LabVIEW. Furthermore, the sampling rate of 1 
109 MHz is chosen in order to get high-precision results.
110 The shadowgraph system consists of a 450-1000W continuous light source with a Xenon arc lamp 
111 (Newport, model: 66921), a pair of 203.3 mm diameter parabolic mirror with a focal length of 1829 
112 mm, and a high-speed camera (Shimadzu, model: HPV-1) with a recording speed up to 1M frames per 
113 second. To synchronize the high-speed camera, the pressure rising signal induced by the shock wave 
114 was employed to trigger the camera. Specifically, another same Kulite pressure transducer embedded 
115 in a rectangular plate was placed ahead of the open end to trigger the camera (Fig. 3). A signal 
116 conditioner for converting the rising voltage output of the pressure transducer into a 5V TTL signal 
117 was specially designed.  
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118 4. Results and discussions
119 4.1 Shock Mach number range 
120
121
122
Fig. 4 Pressure-time history of the Kulite pressure transducer in the driven section (L=300mm) 
Figure 4 presents the pressure history measured by the Kulite pressure transducer in the driven 
123 section. The pressure signal was filtered by a moving average (smoothing width is 14). As shown in 
124 Fig. 4, the initial pressure peak denotes the shock. When the shock wave arrives at the open end, an 
125 expansion wave is created due to shock diffraction and travels upstream. This expansion wave 
126 accelerates the out-flowing air and thereby causes the pressure to drop. This pressure drop is also 
127 shown in the conventional open-end shock tube [31]. After the contact surface passes the transducer, 
128 a sudden pressure decrease appears because of the expansion waves from the NONEL tube end and 
129 the open end of the shock tube. The expansion waves from both NONEL tube end and the open end 
130 of shock tube accelerate the out-flowing combustion gas and thereby causes its pressure to drop below 
131 the ambient pressure. Overall, the pressure profile in the driven section of the shock tube is similar to 
132 that of conventional compressed-air driven shock tubes [31]. However, the time duration of the air 
133 flow between the shock wave and the contact surface is much shorter (approximately 350 µs) than that 
134 of conventional shock tubes due to its limited dimensions (the length of the driven section is only 330 
135 mm).
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Fig. 5 Shock Mach number and overpressure in different NONEL tube lengths
Table 1 Shock wave Mach numbers Ms in different detonation transmission tubing lengths 
L mm
Explosive mixture mg Ms by peak 
overpressure
Ms by 
shadowgraph
200 3.6 1.29 1.27
300 5.4 1.39 1.38
400 7.2 1.48 1.46
500 9.0 1.52 1.51
600 10.8 1.56 1.56
700 12.6 1.58 1.57
139
140 The shock Mach number Ms can be estimated using the normal shock wave theory [26]:
141 (1)2𝑠
𝑃
𝑃𝑎
𝑠 
= 1 + 𝛾 +
2𝛾
1(𝑀 ‒ 1)
142 where Pa and Ps denote the ambient pressure in front of the shock wave and the initial overpressure 
143 behind the shock wave, respectively. ?? = 1.4 is the specific heat ratio of the compressed gas in front 
144 of the combustion gas. The shock velocity released from the open end can be calculated by 
145 automatically detecting and tracking the initial shock wave from shadowgraph images as well. In this 
146 study, the shock velocity was calculated by detecting the shock positions of first five shadowgraph 
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147 images (4μs time interval between each image) from the open end and the calculating process was 
148 conducted using an in-house developed software [30], in which computer vision algorithms such as 
149 background subtraction in frequency domain, adaptive threshold and sub-pixel interpolation were 
150 utilized. 
151 Figure 5 shows the shock Mach number Ms calculated both by the overpressure and shadowgraph 
152 images for NONEL tube length L = 200 to 700 mm. Additionally, more specific shock Mach number 
153 is given in Table 1. As shown in Fig. 5, Ms calculated by the overpressure basically corresponds to that 
154 of the shadowgraph images. However, Ms obtained through the overpressure is higher than that of the 
155 shadowgraph images as a whole. That makes sense because the shock wave is dissipative after it emits 
156 from the open end of the shock tube. Moreover, it is apparent that the longer NONEL tube has higher 
157 denotation energy and generates a stronger shock wave; however, the shock Mach number non-linearly 
158 increases. When the NONEL tube length is over 400 mm, the shock Mach number increases very 
159 slightly. Specifically, the shock Mach number range of this novel shock tube is around from 1.29 to 
160 1.58 (NONEL tube length L is 200 to 700 mm). Further research can be conducted about the theoretical 
161 model correlating the strength of the shock wave with the energy of the NONEL tube. 
162 4.2 Repeatability
163
164 (a) The pressure history in the driven section (NONEL tube length L = 200 mm was used)
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168
(b) The shock wave position from the open end (NONEL tube length L = 300 mm was used)
Fig. 6 Repeatability of the detonation transmission tubing driven shock tube
In different runs, there is deviation due to biases of the NONEL tube length, distribution 
169 inhomogeneity of the explosive material of the NONEL tube or other operation errors. To validate the 
170 reliability of the shock tube, the pressure measurement and flow visualization were repeated in the 
171 same experimental conditions, namely the same NONEL tube length and the same acquisition 
172 configuration including the time delay for the image capturing, exposure time and frame rate. Figure 
173 6 (a) presents the repeatability of pressure history in the driven tube. The overpressure was 178.89 ± 2 
174 kPa corresponding to a shock Mach number of 1.29 ± 0.01 and a repeatability of less than 2% in seven 
175 runs. Figure 6 (b) shows the instantaneous positions of the initial shock wave in shadowgraph images. 
176 The initial shock wave locations for different runs qualitatively match very well when the elapsed time 
177 of shock wave out of the open end is less than 30 µs. As the shock wave propagates further, the error 
178 is accumulated. The repeatability of shock wave location from the open end is calculated quantitatively 
179 by the equation as follows:
180 where xm and xi denotes the arithmetic mean location of all the runs and the initial shock wave location 
181 of one sample run, respectively. The repeatability error of the shock wave position was found less than 
182 3%. 
𝑥𝑖 ‒ 𝑥𝑚
𝑥𝑚
𝐸𝑟𝑟𝑜𝑟 = 𝑎𝑏𝑠( ) (2)
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183 4.3 The structure of flow from the open end
184
185 Fig. 7 Structure of the flow from the open end (L = 600 mm, Δ t = 136 µs)
(a) Δt = 4 µs (b) Δt = 88 µs (c) Δt = 136 µs (d) Δt = 184 µs (e) Δt = 232 µs
186 Fig. 8 Framing shadowgraph images showing flow structure evolution from the open end, L = 300 
187 mm.
(a) Δt = 4 µs (b) Δt = 88 µs (c) Δt = 136 µs (d) Δt = 184 µs (e) Δt = 232 µs
188 Fig. 9 Framing shadowgraph images showing flow structure evolution from the open end, L = 600 
189 mm.
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191 Fig. 10 Image intensity profile along the axis of symmetry of the shock tube, L= 300 mm, Δt =136 
192 µs 
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Fig. 11 Intensity profiles along the axis of symmetry of the shock tube, L = 600 mm.
Figure 7 shows the demonstration of the primary flow structure from the shock tube open end in 
199 the case of NONEL tube length L = 600 mm and the elapsed time of the initial shock wave Δt = 136 
200 µs. Flow structure consists of an initial shock wave, a vortex ring, an embedded shock wave and the 
201 crossed-oblique shock waves. These flow pattern corresponds well to that of conventional compressed-
202 gas driven shock tubes [10, 31]. More detailed shadowgraph images showing the flow evolution 
203 emitting from the open end are given in Figs. 8 and 9 (NONEL tube length L = 300 and 600 mm, 
204 respectively). A planar shock wave emits from the shock tube open end (Figs. 8 (a) and 9 (a)), which 
205 validates the previous discussion in Section 2 that the hemispherical blast shock wave transforms to a 
206 plane shock wave. After emitting from the open end, the shock wave is diffracted and turns to a 
207 spherical shape as it travels. On the other hand, the air flow in the driven section behind the initial 
208 shock wave is released and forms a shear layer with external fluid. This shear layer is subsequently 
209 carried away from the edge of the detonation transmission tubing driven shock tube, rolling up to form 
210 the vortex ring. Behind the vortex ring, a jet flow with the typical oblique shock pattern is generated 
211 (Figs. 7, 8 (c) and 9 (c)). At some distances, further downstream of the open end, the vortex ring leaves 
212 from the crossed-oblique shock waves (Figs. 8 (e) and 9 (e)). It is worth noting that the increase of the 
213 incident shock Mach number Ms (NONEL tube length L increases from 300 to 600 mm) results in the 
214 generation of an embedded rearward-facing shock wave (Figs. 7 and 9). The embedded rearward-
215 facing shock wave extends between the internal vortex cores and travels with the vortex ring.
216 In order to examine the evolution of the flow feature quantitatively, the intensity profiles of 
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217 shadowgraph images along the axis of symmetry of the shock tube were obtained (Figs. 10 and 11) 
218 using the in-house developed software [30]. The intensity of shadowgraph images was normalized by 
219 the brightness of the image background to subtract the unchanged magnitude from the image. The 
220 lateral axis x/d denotes the normalized distance from the shock tube open end. As shown in Fig. 10, 
221 the initial shock wave, the vortex ring, and the oblique shock pattern in the jet flow are detected in the 
222 intensity profile curve in the case of L = 300 mm and Δt = 136 µs. However, there is not an obvious 
223 embedded shock wave in the vortex ring in this case. By contrast, a relatively strong embedded shock 
224 wave can be found for the case of L = 600 mm, Δt = 136 µs (Figs. 11 (a)). Meanwhile, it can be seen 
225 from Figs. 10 and 11 that the intensity of the initial shock wave for the case L = 600 mm is higher than 
226 that of L = 300 mm (the higher intensity gradient implies a steeper density gradient). Comparing with 
227 Figs. 10 and 11 (a), the initial shock wave and the vortex ring in the case of NONEL tube length L = 
228 600mm move further away from the open end than that of the L = 300 mm, which means the velocities 
229 of the initial shock wave and the vortex ring are higher in the case of larger NONEL tube length. 
230 Moreover, shocklets between the initial shock wave and the vortex ring are more apparent. The jet 
231 flow after the vortex ring becomes more complicated for the longer NONEL tube length case. Figure 
232 11 (b) presents the intensity profile of the shadowgraph image along the axis of symmetry of the shock 
233 tube at L = 600 mm and Δt = 184 µs. By measuring the distance of the initial shock wave in different 
234 shadowgraph images, the shock velocity can be determined (Fig. 5).
235 5. Conclusion
236 A novel concept to design shock tube driven by detonation transmission tubing in a safe, repeatable, 
237 and controllable manner for laboratory scale experiments is proposed and demonstrated in this study. 
238 Specifically, a circular cross-section and open-ended shock tube with a straight driven section (inner 
239 diameter ID = 22 mm, driven section length Ld = 330 mm) is employed. The pressure histories in the 
240 driven section and the time-resolved shadowgraph images show that the induced flow structure of the 
241 detonation transmission tubing driven shock tube is similar with that of a conventional compressed-
242 gas driven shock tube. Moreover, the shock tube driven by detonation transmission tubing has good 
243 repeatability of less than 2% with a Mach number range from 1.29 to 1.58 when the NONEL explosive 
244 mixture varies from 3.6 mg to 12.6 mg.
245 Compared with the conventional compressed-gas shock tubes, the shock tube driven by detonation 
246 transmission tubing is much easier to manufacture and more cost-effective. it is useful in aerodynamics 
247 research to investigate the flow including the shock wave, the vortex loop, the jet flow, and so on. In 
248 addition, it is applicable to medicine, biology and industry for various applications to replace other 
249 types of shock tubes. This study suggested that investigations such as using different nozzle contours 
13
250 to improve its Mach number range, the influence of the shock tube diameter or cross-section shape and 
251 extending it into the close-ended shock tube can be performed. 
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